Quantum systems in confined geometries are host to novel physical phenomena. Examples include quantum Hall systems in semiconductors 1 and Dirac electrons in graphene 2 . Interest in such systems has also been intensified by the recent discovery of a large enhancement in photoluminescence quantum efficiency 3-7 and a potential route to valleytronics 6-8 in atomically thin layers of transition metal dichalcogenides, MX 2 (M = Mo, W; X = S, Se, Te), which are closely related to the indirect-to-direct bandgap transition in monolayers 9-12 . Here, we report the first direct observation of the transition from indirect to direct bandgap in monolayer samples by using angle-resolved photoemission spectroscopy on high-quality thin films of MoSe 2 with variable thickness, grown by molecular beam epitaxy. The band structure measured experimentally indicates a stronger tendency of monolayer MoSe 2 towards a direct bandgap, as well as a larger gap size, than theoretically predicted. Moreover, our finding of a significant spin-splitting of ∼180 meV at the valence band maximum of a monolayer MoSe 2 film could expand its possible application to spintronic devices.
The layered transition metal dichalcogenides (TMDs) MX 2 (M = Mo, W; X = S, Se, Te), a class of graphene-like two-dimensional materials, have attracted significant interest because they demonstrate quantum confinement at the single-layer limit 13 . As with graphene, these layered materials can be easily exfoliated mechanically to provide monolayers [3] [4] [5] [6] [7] [14] [15] [16] and assume a hexagonal honeycomb structure in which the M and X atoms are located at alternating corners of the hexagons. However, unlike graphene, which has a gapless Dirac cone band structure, MX 2 has a rather large bandgap, making these materials more versatile as candidates for thin, flexible device applications and useful for a variety of other applications including lubrication 16 , catalysis 17 , transistors 18 and lithium-ion batteries 19 . Most interestingly, an indirect to direct bandgap transition in the monolayer limit has been predicted theoretically and supported experimentally by optical measurements [3] [4] [5] 9, 12 . Because of the direct bandgap, monolayer MX 2 is favourable for optoelectronic applications5 and field-effect transistors 15, 16, 18 . Furthermore, both the conduction and valence bands have two energy degenerate valleys at corners of the first Brillouin zone, making it viable to optically control the charge carriers in these valleys and suggesting the possibility of valley-based electronic and optoelectronic applications 3,6-8 .
Despite these exciting developments, direct experimental verification of the novel band structure at the monolayer limit remains lacking. Furthermore, for many applications, it is vital to manufacture high-quality epitaxial films with controllable methods such as chemical vapour deposition (CVD) or molecular beam epitaxy (MBE) 20, 21 .
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In this Letter, we report layer-by-layer growth of high-quality single-crystal MoSe 2 thin films by MBE on an epitaxial grapheneterminated 6H-SiC(0001) substrate 22 . Our in situ angle-resolved photoemission spectroscopic (ARPES) study provides the first direct experimental evidence of the distinct transition in the bandstructure for thin film samples with thicknesses ranging from one monolayer (ML) to eight monolayers. Moreover, we find rather large spin-splitting (~180 meV) at the valence band maximum (VBM) of the monolayer MoSe 2 film, a signature of the combined effects of spin-orbit coupling and inversion symmetry breaking. Figure 1b shows the reflection high-energy electron diffraction (RHEED) pattern of our substrate of epitaxial bilayer graphene-terminated 6H-SiC(0001) 22 . The similar layered structure and chemically inert surface of graphene make it a perfect substrate for van der Waals epitaxial growth of two-dimensional layered materials 21, 23, 24 . We have successfully grown high-quality singlecrystal MoSe 2 films of large size (~5 mm× 2 mm), from monolayer up to 8 ML, with layer-by-layer control of thickness, by delicate control of the growth conditions.
Here, we use the term 'monolayer' to refer to the one-unit-cell triple layer (Se-Mo-Se) of MoSe 2 (correspondingly, the terms 'bilayer' and 'trilayer' refer to two and three layers of the Se-Mo-Se structure). Figure 1c presents the RHEED pattern for our MBE-grown monolayer MoSe 2 thin film. The disappearance of the graphene pattern ( Fig. 1b ) and the appearance of a distinct MoSe 2 (1 × 1) pattern ( Fig. 1c ), which is insensitive to both sample (~5 mm× 2 mm) and beam positions, indicate the growth of a homogeneously well-structured film. Figure 1e makes a direct comparison of our calculated band structures ( Fig. 1d ) and the corresponding ARPES spectra (Fig. 1f ) of the monolayer MoSe 2 film along the Γ-K direction in the hexagonal Brillouin zone. The contribution from bilayer graphene is not visible in this momentum window, because it centres further in k y , the momentum along the Γ-K direction for both MoSe 2 films and graphene, at the K point of the bilayer graphene substrate ( Supplementary Figs 1, 2 ). Despite the energy scale difference, the calculation and ARPES spectra show good qualitative agreement.
Renormalizing the energy scale of calculation by ~17%, we found that the calculated bands (dotted lines in Fig. 1e ) are in good agreement with the second-derivative spectra ( Fig. 1e ). More interestingly, the difference in the relative position of the valence bands at the Γ point and K point in the monolayer film is significantly larger than that obtained from the theory, indicating that MoSe 2 shows a stronger tendency towards a direct bandgap material than predicted theoretically. show that the thickness-dependent band structure evolution is highly consistent with theoretical calculations. In particular, in the spectra from the monolayer MoSe 2 film ( Fig. 2a,e ), the VBM at the K point (-1.53 eV) is significantly higher than the Γ point valence band (-1.91 eV). However, in bilayer and thicker films, the VBM switches to the Γ point ( Fig. 2a-h) . The quantum confinement effect, which can reveal the number of layers, can be seen around the top valence band at the Γ point. In monolayer MoSe 2 film there is only one band above the binding energy of 22 eV at the Γ point ( Fig. 2a,e ), but in the bilayer film this band evolves into two branches, and then to three branches in the trilayer film ( Fig. 2a-h ). In the 8 ML film, the calculation (Fig. 2l) shows the presence of eight branches, although in Fig. 2d and h we can only see two main, broad branches due to the limited resolution (these branches are quite close to each other). This significant step-by-step evolution of the valence band provides a straightforward method to identify the thickness of ultrathin MoSe 2 films, and also provides verification of the layer-by-layer growth mode of our thin film. This enabled us to observe how the conduction band minimum (CBM) dropped below the Fermi level in potassium-doped monolayer MoSe 2 film (Fig. 3b) . Figure 3c,d shows the constant energy maps at the CBM (Fig. 3b ) and VBM (Fig. 3a) . We can see that both the CBM and VBM are located at all the K points in the Brillouin zone (no photoemission intensity was observed at the Γ point), which implies the presence of a direct bandgap at the six K points in monolayer MoSe 2 . In Fig. 3b we measured this direct bandgap to be ~1.58 eV, which is very close to the value of 1.55 eV reported by a photoluminescence experiment in mechanically exfoliated monolayer MoSe 2 (ref. 4) .
Figure 3e,f shows the second-derivative spectra of undoped and potassium-doped 8 ML MoSe 2 films, respectively. With the same doping method, we found that the valence band moved by ~0.46 eV. We can also observe the CBM in the spectra of potassium-doped 8 ML MoSe 2 film (Fig. 3f ). Figure 3g ,h presents the constantenergy maps at the CBM (Fig. 3f ) and VBM (Fig. 3e) .
In contrast to the monolayer MoSe 2 film, in the 8 ML MoSe 2 film the CBM is still at the six K points (Fig. 3g ), but the VBM is at the Γ point ( Fig. 3h) . Thus, the 8 ML MoSe 2 displays an indirect bandgap of ~1.41 eV (Fig. 3f ). We note that the calculated GGA bandgap values ( Fig. 2i-l) are underestimated, which is a well-known problem in that GGA density functional theory generally underestimates the bandgaps in semiconductors and insulators 9 .
From monolayer to 8 ML, we found that the CBM does not change its position at the K point. Our calculations also show that the CBM stays at the K point. However, from monolayer to bilayer and thicker films, both our ARPES spectra and the calculations show that the VBM switches from the K point to the Γ point.
Because the interaction between the graphene substrate and the van der Waals epitaxial MoSe 2 film is found to be minimal in both experiment ( Supplementary  Fig.  3 ) and calculation ( Supplementary Fig. 4 ), this VBM evolution clearly indicates the direct to indirect bandgap transition in going from monolayer to bilayer MoSe 2 .
Another interesting observation is that we found a very clear band-splitting of the VBM at the K point of monolayer MoSe 2 film (Figs 2a,e and 3a) . A similar band-splitting can also be seen in bilayer, trilayer and 8 ML MoSe 2 films (Fig. 2f-h) . Our calculations show that this splitting is mainly controlled by the strength of the spin-orbit coupling. For an odd number of layers, there is no inversion symmetry, and each state at the K point is spin-nondegenerate ( Fig. 2i and inset of Fig. 2k , where red and blue round spots indicate different spin polarization). For an even number of layers, inversion symmetry is restored, and every state becomes spin-degenerate ( Fig. 2j and inset of Fig. 2l ). The combined effects of the spin-orbit coupling and inversion symmetry-breaking can be best seen by a comparison between monolayer and bilayer MoSe 2 films. In the monolayer MoSe 2 film, each state at the K point is spin-nondegenerate while states at the Γ point are spindegenerate (because K is not a time-reversal-invariant point, but Γ is). The top two branches that start at the K point, merging into one branch at the Γ point, are observed both in the experiment (Fig. 2a,e ) and theory (Fig. 2i ).
Each spin split state is predicted to be nearly 100% spin-polarized ( Fig. 2i) . Such a high degree of spin polarization has also recently been predicted in silicene thin films in proposals for a high-efficiency spin filter 26 . In bilayer MoSe 2 film, the band is doubly degenerate without spin-splitting ( Fig. 2j ). Both experiment and theory exhibit two branches on top of the valence bands at both the Γ and K points (Fig. 2f,j) . In the trilayer MoSe 2 film, the magnitude of the spin-splitting within the two main branches is only a few meV, making them nearly degenerate (inset of Fig. 2k ), so we can only observe two branches in ARPES in Fig.   2g . In the 8 ML thin film, the calculated eight spin-degenerate states at the K point (inset in Fig. 2l ) merge into two blurred branches in the ARPES spectra (Fig. 2h ). Our finding of the spin-splitting of ~180 meV in monolayer MoSe 2 is consistent with a previous theoretical prediction (183 meV) 10 and larger than that in monolayer MoS2 (as measured recently by triply resonant Raman scattering: ~100 meV) 27 . This spin signature with larger spin-splitting gives the layered MoSe 2 greater application potential than MoS2 in spintronic devices, as well as a new basis on which to investigate spin-orbit physics beyond topological insulators 28 .
To summarize, we have successfully achieved layer-by-layer 
